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Hybrid plasmonic gap modes in metal film-coupled
dimers and their physical origins revealed by
polarization resolved dark field spectroscopy†

Guang-Can Li, Yong-Liang Zhang and Dang Yuan Lei*

Plasmonic gap modes sustained by metal film-coupled nanostructures have recently attracted extensive

research attention due to flexible control over their spectral response and significantly enhanced field

intensities at the particle–film junction. In this work, by adopting an improved dark field spectroscopy

methodology – polarization resolved spectral decomposition and colour decoding – we are able to

“visualize” and distinguish unambiguously the spectral and far field radiation properties of the complex

plasmonic gap modes in metal film-coupled nanosphere monomers and dimers. Together with full-wave

numerical simulation results, it is found that while the monomer–film system supports two hybridized

dipole-like plasmon modes having different oscillating orientations and resonance strengths, the scatter-

ing spectrum of the dimer–film system features two additional peaks, one strong yet narrow resonant

mode corresponding to a bonding dipolar moment and one hybridized higher order resonant mode,

both polarized along the dimer axis. In particular, we demonstrate that the polarization dependent scat-

tering radiation of the film-coupled nanosphere dimer can be used to optically distinguish from mono-

mers and concurrently determine the spatial orientation of the dimer with significantly improved accuracy

at the single-particle level, illustrating a simple yet highly sensitive plasmon resonance based nanometro-

logy method.

Introduction

Resonant plasmonic nanostructures have attracted substantial

attention in recent years and are used for a variety of photonic

and biomedical applications because they support localized

surface plasmon resonances (LSPRs) that can confine light in

a deep subwavelength volume and strongly enhance the near

field strength. As a result, light can be strongly absorbed and

scattered by plasmonic nanoparticles, making them a novel

type of contrast agent for biomedical imaging.1,2 For instance,

the strong absorption of plasmonic nanoparticles enables

efficient generation of local resistive heating that can be

exploited in photothermal therapy for cancer treatment and

thermal acoustic imaging.3,4 On the other hand, the enhanced

near-field intensities in the vicinity of the metallic nano-

structures upon excitation of their surface plasmon resonances

can be utilized not only to amplify various linear optical

effects, including surface plasmon-enhanced photo-

luminescence and fluorescence,5–10 and surface enhanced

Raman scattering (SERS),11–14 but also to promote many kinds

of nonlinear optical processes, including second/third harmo-

nic generation (S/THG)15–17 and two-photon absorption

induced luminescence (TPL),18–20 both occurring in metal

nanostructures themselves and metal–semiconductor hybrids.

In general, the plasmonic modes as well as the optical

response of the plasmonic nanostructures are strongly depen-

dent on the geometry, symmetry and topology of the constitu-

tive elements. To realize the desired optical properties for

specific applications,21–26 considerable efforts have been made

to design, fabricate and characterize various metal nano-

structures by rational assembling of two or more individual

nanoparticles into single entities to create new plasmon reson-

ances. In such complex structures, coupled LSPRs arise due to

the strong near field coupling between the constitutive

elements. Typical examples include the bonding and anti-

bonding plasmons in a metal nanoparticle dimer,27,28 super-

radiant and subradiant plasmons29,30 and plasmonic Fano

resonances31,32 in metal nanoparticle oligomers. Two elegant

theoretical tools – plasmon hybridization33 and transformation

optics34,35 – have provided deep physical insights into the

occurrence of new plasmon resonances in some of the afore-

mentioned coupled nanostructures. In close analogy to the

strong interaction between a fluorescent molecule and a neigh-
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bouring metal film, the system of metal film-coupled nano-

particles has recently received a great deal of research

attention.36–44 In this system, the presence of the underlying

metallic film breaks the rotational symmetry of spherical nano-

particles, resulting in a strong coupling between the plasmon

mode supported by the individual nanoparticle with its

induced image on the film. As a result, the nanogaps between

the particles and the film behave like hot spots with an

extremely large field concentration which promise many

plasmon-mediated optical sensing and enhancement

applications.45–47 Moreover, this film-coupled nanoparticle

system offers a versatile platform for exploring a variety of fun-

damental nanophotonic phenomena such as spatial nonlocal-

ity48 and quantum tunnelling when the gap is less than

0.5 nm.49 Thus far, most previous investigations have been

focused primarily on the system consisting of a single nano-

particle atop a metal film.50–53 In the monomer–film system,

the interaction between the dipolar plasmon mode sustained

by the nanoparticle and the underlying film, as well as the

tuning mechanism of the plasmon mode through gap distance

controlling are extensively studied. However, little light has

been shed on the effect of the underlying metal film on the

coupling plasmon modes sustained by complex nano-

structures sitting above. Thus, there is very little knowledge

about plasmonic properties (resonance position and radiation

behaviour) of metal film-coupled nanoparticle clusters like

dimers or more complex nanostructures and the potential

applications associated with these interesting systems also

remain unexplored.54–56

In the present work, we report for the first time on the

experimental investigation of the coupled LSPRs in a metallic

film-coupled dimer system. By using the improved dark field

spectroscopy methodology based on polarization resolved

spectral decomposition and colour decoding, we “visualize”

and distinguish the spectral and radiation properties of the

complex plasmonic gap modes in gold film-coupled nano-

sphere monomers and dimers with nanometric particle–film

and particle–particle gap distances. It is found that both

monomer– and dimer–film nanostructures support two hybri-

dized dipolar plasmon modes at 550 and 830 nm, both with

distinctively different scattering intensities and spectral line-

widths. The far-field radiation pattern of the former (latter)

mode is featured with a green solid spot (red doughnut

shape), indicating the excitation of an in-plane (out-of-plane)

dipole moment that is consistent with full-wave simulation

results. More interestingly, due to more structural degrees of

freedom, the dimer–film structure shows two additional

narrow-linewidth scattering peaks at 530 and 660 nm, corres-

ponding to a higher order mode and a bonding dipolar mode,

respectively, both with scattering intensities highly dependent

on the in-plane polarization direction relative to the dimer

orientation. In particular, we demonstrate that the observed

in-plane polarization sensitive gap modes of the film-coupled

dimer constitute a new plasmonic nanometrology tool that can

be used to precisely resolve the spatial orientation of the dimer

and also optically distinguish dimers from monomers.

Experimental and numerical sections
Sample preparation

A gold film was prepared on an ultra-clean coverslip (Schott

Nexterion, Germany) using a thermal evaporator (Nexdep,

Angstrom Engineering, Inc.). The thickness and surface

roughness (RMS) of the gold film are about 45 nm and 0.5 nm

both determined by AFM measurements (Nanoscope V, Veeco).

Water-diluted monodisperse gold nanospheres of diameter

100 ± 8 nm (NanoSeeds, Inc., Hong Kong) were drop-cast on

the gold film and left to dry in air for seconds to form gold-

film coupled nanosphere monomers and dimers.

Optical characterization

Optical microscopy and spectroscopy were performed with an

Olympus BX-51 upright microscope equipped with a standard

dark-field optical module using a 100× dark-field objective

(LMPlan, Olympus). Two sets of illumination configurations

were used for un-polarized and polarized excitations, respect-

ively. A standard un-polarized illumination configuration

comes with the microscope itself while a home-made optical

module allows for polarization controlled oblique illumina-

tion. Dark-field images and the spectra of individual nano-

structures were recorded respectively using a colour CCD

camera (QICAM 12-bit, QImaging, Inc.) and an imaging

spectrometer (Acton SP2300) equipped with a grey CCD

camera (PIXIS:400BR eXcelon). Colour decoding of the dark-

field images was carried out using the Matlab software with

which false-colour images (blue, green and red) were extracted

from the three colour channels of the captured true-colour

dark-field images.

Electrodynamics simulations

Distributions of the surface charge density for the film-

coupled Au nano-particles were numerically calculated using a

commercially available FEM package (COMSOL Multiphysics

4.3a with RF module). When performing the full wave simu-

lation of the coupled system, the scattering field was calculated

with a standard two-step process in which the background

field is first computed for the same geometry in the absence of

the particles under s- or p-polarized illumination with an

incidence angle of 70° from the surface normal. Here, the

surface charge density is characterized by the normal com-

ponent of the electric field. In all calculations, the frequency

dependent permittivity of Au was modelled using the experi-

mental data of Johnson and Christy with linear interpolation.57

The glass substrate was modelled using a constant refractive

index of 1.5. To simplify the simulations, we have neglected

the polymer surrounding the Au spheres. In order to simulate

the infinite air and substrate region, the computation domain

was truncated by perfect matched layers (PMLs) to reduce

reflections. The simulation domain is finely meshed with the

smallest size of 0.25 nm in the gap region so that the conver-

gence of the results and the accuracy of the computed fields

are confirmed.
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Results and discussion
Morphological and optical characterization of film-coupled

nanoparticles

To generate the plasmonic nanostructures supporting gap

plasmon resonances, gold nanospheres of 100 nm diameter

were deposited from a colloidal solution onto a bare gold film

of 45 nm thickness. Due to the presence of a surfactant

polymer coating – cetyltrimethylammonium bromide (CTAB) –

on the gold nanospheres, an estimated gap distance of about

1 nm is formed at the nanosphere–film junctions while a gap

distance of 2 nm at the nanosphere–dimer junction. Fig. 1a

depicts a schematic of the gold film-coupled nanospheres and

two different dark-field illumination configurations used in

our experiment. The left panel shows an un-polarized illumi-

nation scheme with a commercial dark-field microscope

system. Although a linear polarizer can be inserted in the light

path before the objective, the polarization direction of the inci-

dent annular beam cannot be well defined with respect to the

nanostructure orientation, particularly for the nanoparticle

dimer. To overcome this limitation, we have constructed an

illumination arm with which the incident polarization can be

continuously tuned from s- to p-polarized as shown in the

right panel of Fig. 1a as well as in Fig. 2a.44 In addition, the

incident angle can also be tuned within a finite range beyond

the solid angle defined by the numerical aperture of the objec-

tive. This improvement has enabled polarization-selective and

angle-dependent excitation of individual plasmon resonance

modes in complex metallic nanostructures, significantly facili-

tating the understanding of their mode characteristics.

Fig. 1b shows the pattern-matched scanning electron

microscopy (SEM, left panel) and true-colour optical

microscopy (right panel) images for a typical area of the

sample used in our study, with the latter captured under an

un-polarized dark-field illumination with an Olympus

BX-51 microscope. Three single nanostructures, including one

nanosphere dimer and two monomers, can be clearly seen in

the observation window of both images. In the dark-field

image, the two gold film-coupled monomers show strong scat-

tering in the green region while the nanosphere dimer efficien-

tly scatters the red light with intensity saturation, consistent

with the recorded scattering spectra as shown in Fig. 1c. The

scattering spectrum of the monomer structure exhibits two

peaks at wavelengths ∼550 and 830 nm, labelled as modes (1)

and (2), respectively. In addition to the two scattering peaks

occurring at similar spectral positions as that in the monomer

case, the dimer structure exhibits an additional peak at

∼660 nm labelled as mode (3), which has a much stronger

scattering intensity yet narrower spectral linewidth (FWHM:

44 nm) than the other two peaks (see also Fig. S1 in the ESI†).

As shown in the following, the mode nature of the three scat-

tering peaks observed in both film-coupled nanostructures will

be investigated in great detail by combining polarization-

resolved far-field scattering measurements with full-wave elec-

tromagnetic simulations of surface charge distributions at the

resonant wavelengths.

Polarization-resolved spectral decomposition of complex

plasmonic gap modes

To reveal the physical origins for the observed plasmonic

modes, we performed polarization-resolved scattering

Fig. 1 (a) Schematic of gold film-coupled nanosphere monomers and

dimers under standard un-polarized (left) and home-built polarized

(right) excitation configurations. The thin, light-blue shells represent the

CTAB coatings on gold nanospheres. (b) SEM micrograph (left) of two

nanosphere monomers (enclosed by the green and blue squares) and a

nanosphere dimer (enclosed by the red square) both dispersed on a

45 nm thick gold film. The right panel shows the corresponding optical

dark-field image for the same sample area. The scale bars in both

images are 2 μm. The bigger green and red squares in the SEM image

show an enlarged view of the monomer and dimer structures, respect-

ively, with their scattering spectra shown in (c) under an un-polarized

illumination (green for monomer and red for dimer).

Fig. 2 (a) Schematic of the s- (green solid arrow) and p- (red dashed

arrow) polarized incidence configurations for illuminating the single

nanosphere monomer and the two orthogonally orientated nanosphere

dimers. (b–d) Recorded scattering spectra (dots) for the three cases (i–

iii) under the s- and p-polarized illuminations as shown in (a) and their

fits with single or multiple Lorentz oscillators (lines).
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measurements for both film-coupled monomers and dimers

with the polarized illumination configuration shown in

Fig. 1a, which allows an elegant spectral decomposition of

their un-polarized scattering spectra shown in Fig. 1c. Fig. 2a

shows a schematic of the s- and p-polarized oblique incidences

with respect to the two orthogonal orientations of the nano-

sphere dimer. Fig. 2b shows that the scattering spectrum of

the film-coupled monomer structure (case (i) in Fig. 2a)

recorded under the s-polarized illumination exhibits only one

peak at a wavelength of ∼550 nm, which is at the same spectral

position as mode (1) labelled in Fig. 1c, indicating that this

plasmon resonance mode only responds to horizontal polariz-

ation. The observed far-field excitation polarization depen-

dence is further confirmed by the simulated near-field surface

charge distribution for a geometrically simplified film-coupled

monomer as shown in the first column of Fig. 3a and b, which

reveal the excitation of a hybridized plasmon mode formed by

the coupling between the quadrupole plasmon mode of the

individual nanosphere monomer58 and the dipolar plasmon

mode induced in the metal film. While the dark quadrupole

plasmon is a nonradiative mode, the far field radiation can

only be attributed to the net dipole moment at the upper part

of the nanosphere as a result of the radiation cancelling

between the two anti-parallel oscillating charge pairs within

the gap region. This simplifying of the hybridized plasmon

mode to a net dipolar mode will also be validated afterwards

by the far field radiation pattern with a solid point-spread

function shape as illustrated in Fig. 4b. However, Fig. 3c shows

that the near-field enhancement associated with the dark

mode at the particle–film gap region is significantly larger

than that induced by the weak dipolar mode at the upper part

of the nanosphere. In sharp contrast, the scattering spectrum

shown in Fig. 2b for the monomer under the p-polarized

illumination is dominated by an intense peak at a wavelength

of ∼830 nm, similar to the spectral position of mode (2)

labelled in Fig. 1c, and a relatively weak peak at ∼550 nm,

similar to mode (1) excited by the horizontal polarization com-

ponent of the p-polarized beam. We can thus attribute the

plasmon mode (2) to the excitation of a bonding dipolar mode

consisting of a vertical dipole moment of the gold nanosphere

and an induced one in the gold film, which is fully consistent

with the surface charge distribution as shown in the second

column of Fig. 3a and b. The two plasmonic dipoles interfere

constructively at the gap region and therefore produce strong

far-field radiation to free space as well as significantly

enhanced near-field strength as can be seen from Fig. 3c. This

way the plasmonic response of the gold film-coupled nano-

sphere monomer is completely decomposed in the far-field

regime and fully interpreted from a perspective of the electric

near-field interaction.

We then turn to the two cases of the gold film-coupled

nanosphere dimer. Under the s-polarized illumination, Fig. 2c

shows that the scattering spectrum for the dimer in case (ii) is

dominated by an intense peak at a wavelength of ∼660 nm, the

same spectral position as mode (3) in Fig. 1c, accompanied by

a much weaker peak at ∼530 nm labelled as mode (4) (further

evidenced in ESI Fig. S2†). In addition, these two peaks dis-

appear under the p-polarized excitation, suggesting that they

respond only to horizontal polarization. The simulated surface

charge distribution for the plasmon mode (3) shown in the

third column of Fig. 3a and b demonstrates that each nano-

sphere–film gap supports two anti-parallel horizontal dipole

moments, leading to dipolar cancellation in the same manner

as the plasmon mode (1) in the monomer structure and thus

negligible contribution to the far-field scattering. However, at

the gap between the two nanospheres, the charge distribution

reveals a bonding dipole moment, which can effectively

radiate energy to free space and thus give rise to the strong

scattering peak at ∼660 nm. The fifth column of Fig. 3a and b

Fig. 3 (a and b) Surface charge distribution profiles computed for the

geometrically simplified gold film-coupled nanosphere monomer (first

and second panels) and dimer (third to fifth panels). For simplicity, the

CTAB coating on the gold nanosphere is not considered in simulations.

To have a better visualization of the particle–film gap region, the charge

distribution profiles are separately shown in two views, a tilted view for

the nanospheres (a) and a top view for the film (b). (c) Incidence-plane

distribution of the x and z electric near-field components in the struc-

tures in (a and b) at the same wavelengths.

Fig. 4 (a) True-colour dark-field image of gold nanosphere monomers

and dimers dispersed on a gold film and the squared areas are of our

interest. The scale bar is 5 μm. (b) False-colour images of the area

enclosed by the yellow square in (a) captured with the red (left column)

and green colour channels (right column) under the s- and p-polarized

illuminations, respectively. (c) Enlarged false-colour images of the area

enclosed by the blue square in (a), including a monomer (upper) and a

dimer (lower) both captured and illuminated under the same conditions

as (b).

Paper Nanoscale

7122 | Nanoscale, 2016, 8, 7119–7126 This journal is © The Royal Society of Chemistry 2016

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

9
 F

eb
ru

ar
y
 2

0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
4
/2

0
2
2
 5

:1
6
:5

3
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr09260d


shows that the new plasmon mode (4) is a higher order

resonance as can be seen from the distorted surface charge

distribution both at the two nanospheres and the underlying

film. Different from the plasmon modes (1) and (2), the elec-

tric near-field strength is the strongest at the gap volume

between the two nanospheres for the plasmon modes (3) and

(4) simply because the incident polarization is along the long

axis of the dimer. A completely different scenario emerges for

the p-polarized illumination: the scattering spectrum for the

same dimer has two peaks at the same spectral positions as

the plasmon modes (1) and (2), which can be attributed to the

respective excitation of a horizontally antibonding and a

vertically bonding dipole moment in each particle–film gap.

Because the incident polarization is perpendicular to the long

axis of the dimer, the electromagnetic coupling between the

two nanospheres is negligible and therefore the positions of

the two scattering peaks are very close to that observed for the

monomer structure.

Fig. 2d shows the scattering spectra recorded for the dimer

in case (iii). Since the long axis of the dimer is within the

p-polarized incidence plane such that the s-polarized illumina-

tion cannot induce strong plasmonic coupling between the

two nanospheres and thereby gives rise to only one weak scat-

tering peak at the same spectral position as the plasmon mode

(1) in the monomer system. Under the p-polarized illumina-

tion, the scattering spectrum shows three distinctive peaks,

with the first one at ∼830 nm corresponding to the plasmon

mode (2), the second at ∼530 nm to the plasmon mode (4) and

the third at ∼670 nm (a redshift of ∼10 nm compared to the

plasmon mode (3)) labelled as mode (3′). In fact, this new

plasmon mode (3′) is a hybridized resonance between the

plasmon modes of (2) and (3) because its surface charge distri-

bution inherits all main features from both modes as can be

seen from the fourth panels of Fig. 3a and b. As a result,

Fig. 3c shows that the plasmonic near field for this mode is

significantly enhanced both at the particle–film and particle–

particle gaps.

Polarization-resolved colour decoding of dark-field scattering

radiation patterns

To gain further insights into the correlation between the simu-

lated near field origination and the far field characteristic of

each plasmon mode of the metal film coupled nanosphere

monomer and dimer, we also strive to filter out the far field

scattering pattern of each plasmon resonance mode. However,

the dark-field image captured for a plasmonic nanostructure

with a standard microscopy system is a simple superposition

of different colours, making it difficult to resolve the radiation

pattern of a specific plasmon mode of interest and conse-

quently losing important information on its physical nature.59

To resolve this issue associated with the standard microscopy

system, here we develop a polarization resolved colour decod-

ing method to better “visualize” the radiation pattern for each

plasmon mode using the three colour channels (blue, green

and red) built in a CCD camera. This is realized due to the fact

that the plasmonic gap modes observed for the gold film-

coupled monomer and dimer are well separated in the spec-

trum and can be selectively excited by choosing appropriate

incident polarization. Therefore, we can combine polarization

controlled excitation and colour decoding to filter out the far

field radiation pattern for each plasmon mode.

Fig. 4a shows a true-colour dark-field image captured for a

sample area under the un-polarized illumination, and the

image is dominated by green and red colours due to the rela-

tively strong scattering peaks at 550 and 660 nm, corres-

ponding to the modes (1) and (3). The green spots enclosed in

the yellow square of the image are nanosphere monomers

while the green and red spots enclosed in the blue square are

a monomer and a dimer, respectively. Using the polarization-

resolved colour decoding method, on the one hand, the radi-

ation pattern of the scattering peak at 550 nm for the mono-

mers can be imaged with the green channel (effective

collection band: 500–600 nm) of the CCD camera combined

with the s-polarized incidence (termed as G-S combination).

The upper-right panel of Fig. 4b shows the false-colour image

captured for the area enclosed by the yellow square in Fig. 4a

with the G-S combination, and the image clearly resolves a

solid spot pattern for each nanoparticle, arising from the far-

field radiation by the induced horizontal dipole moment as

shown in the first column of Fig. 3. The lower-right panel

shows that the image of the same sample area captured with a

G-P collection–excitation combination (green-channel collec-

tion combined with p-polarized illumination) appears much

darker because of a significantly smaller horizontal field com-

ponent in the p-polarized illumination. On the other hand, the

radiation pattern of the scattering peak at 830 nm for the

monomers can be clearly imaged with a R-P collection–exci-

tation combination (red-channel collection combined with

p-polarized illumination), with the image shown in the lower-

left panel exhibiting a doughnut shape due to the excitation of

a vertically aligned dipole moment as revealed in the second

column of Fig. 3. The image captured for the same sample

with an R-S collection–excitation combination (red-channel

collection combined with s-polarized illumination) appears

nearly dark as can be seen in the upper-left panel of Fig. 4.

This way we have directly decoded the scattering colours for

the two distinctive plasmon modes (1) and (2) for the gold

film-coupled monomers and clearly resolved their respective

far-field radiation patterns that are often hidden in the dark-

field image captured concurrently with all three channels of a

CCD camera for the same sample under an un-polarized

illumination. This approach can also be applied to far field

scattering characterization of other complex nanostructures.

More interesting observations can be made when compar-

ing the decoded radiation patterns of the gold film-coupled

monomer and dimer (ii) enclosed in the blue square in

Fig. 4a. The upper- and lower-right panels of Fig. 4c render the

false-colour images captured for the two nanostructures with

the G-S and G-P collection–excitation combinations, respecti-

vely. Different from the monomer structure that is manifested

as a blurred solid spot (corresponding to mode (1)) under both

polarized illuminations, the dimer structure exhibits a bright
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solid spot radiation pattern simply due to the scattering peak

at 530 nm under the s-polarized illumination, corresponding

to mode (4), and the collective scattering contribution at

550 nm from the two nanospheres under the p-polarized illu-

mination, corresponding to mode (1). This image contrast pro-

vides an easy and effective approach to distinguish

nanoparticle monomers and dimers in the same sample area.

The false-colour image captured for both nanostructures with

the R-P combination shows a nearly perfect doughnut shape

as can be seen in the lower-left panel, both corresponding to

mode (2) arising from the induced bonding dipolar moment at

each particle–film gap. The image captured with the R-S com-

bination shows a solid radiation spot for the dimer structure,

corresponding to its mode (3) at 660 nm, and no signal for the

monomer structure. Although the modes (2) and (3) for the

dimer structure are imaged with the same red channel, the

combination with the selective polarization has enabled separ-

ate visualization of their radiation patterns.

Single-particle plasmonic nanometrology of nanoparticle

dimer orientation

Since the far-field scattering response of the gold film-coupled

nanosphere dimer is extremely sensitive to spatial orientation

of the dimer relative to incident polarization, we propose a

polarization-resolved nanometrology spectroscopy method,

combining the above-discussed colour decoding method, to

determine the dimer orientation at the single nanostructure

level. In particular, the hybrid plasmon mode (3) essentially

originates from a bonding dipole moment oscillating along

the long axis of the nanosphere dimer, leading to its far-field

radiation polarized along the same direction. By monitoring

the scattering intensity at the resonant wavelength of this

plasmon mode as a function of detection polarization (corres-

ponding to the transmission axis of an analyser placed right

before the detector), the accurate orientation of the dimer can

be determined.

Fig. 5a shows the pattern-matched dark-field (dashed-

yellow square enclosed area) and SEM images of two gold film-

coupled nanosphere dimers with different orientations. While

the spatial alignment of the two nanosphere dimers can be

well resolved in the SEM image, it cannot be distinguished in

the dark-field image captured under un-polarized illumination

though the scattering colours exhibit a slight difference for the

two nanostructures. Fig. 5b shows a series of false-colour dark-

field images captured with the red and green channels as a

function of detection polarization. In the red-channel images,

the two dimers show maximum (minimum) intensities at the

analyser angle parallel (perpendicular) to their own dimer axis.

This polarization dependence of the scattering intensity allows

for qualitative determination of the dimer orientation. The

images captured with the green channel, however, show no sig-

nificant intensity variation with the detection polarization for

both dimers at all polarization angles as can be seen from the

right panel of Fig. 5b. To achieve quantitative determination of

the dimer orientation, Fig. 5c shows the detection–polarization

dependent scattering intensity integrated within the red colour

channel for both nanosphere dimers, and the polar plots

exhibit maximum at a polarization angle of ∼15° for the

upper-right dimer and ∼135° for the lower-left one, in good

agreement with the SEM characterization. Due to the strong

radiation and polarization sensitivity of the plasmon mode (3),

this proposed nanometrology is advanced with a significantly

improved signal-to-noise ratio yet simplicity in measurement

configuration.60,61

Conclusions

In summary, we have thoroughly revealed the complex plasmo-

nic gap modes sustained by gold film-coupled nanosphere

monomers and dimers at the single particle level using a

polarization-resolved spectral decomposition and colour

decoding method. Together with the full-wave electrodynamic

simulation results, this method uncovers that the film-coupled

monomer supports two plasmonic modes, one with a weak

dipole moment aligned in the horizontal direction and the

other one with two bonding dipole moments in the vertical

direction. In addition to these two plasmon modes, the film-

coupled dimer sustains the other two resonance modes, one

with two distorted bonding dipole moments along the dimer

axis and the other one with strong high-order features. Based

on the polarization dependent far-field scattering response, we

have proposed a plasmonic nanometrology tool that has been

successfully applied to determine the spatial orientation of

plasmonic nanosphere dimers with a significantly improved

signal to noise ratio and can be extended to resolve the spatial

Fig. 5 Determination of the spatial orientation of a metal film-coupled

nanosphere dimer using polarization resolved colour decoding com-

bined with plasmon resonance based nanometrology. (a) Pattern-

matched dark-field (left) and SEM (right) images for gold film-coupled

nanospheres. Two nanosphere dimers are enclosed in a dashed-yellow

square in the dark-field image, with their corresponding SEM image

shown in the right panel exhibiting different spatial orientations. (b) The

false-colour images of the two dimers in (a) captured with the red (left)

and green (right) channels as a function of detection polarization

defined with respect to horizontal. (c) Polar plot of the scattering inten-

sity (dots) integrated within the red colour channel of the CCD camera

for the two dimers shown in (a). The solid lines are cosine-square fits to

the measured data.
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arrangement of plasmonic nanoclusters in general. We believe

that our systematic study of the metal film-coupled monomers

and dimers will pave the way for further revealing the mechan-

ism of the electromagnetic interaction between more complex

nanostructures and metal films.
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